Abstract-In this paper, we propose and evaluate the performance of new link layer frame transmission techniques for MIMO (multiple input multiple output) wireless systems from a link layer perspective using frame error rate (FER), frame loss rate (FLR) and link layer throughput metrics. We first introduce a novel link layer transmission scheme for wireless networks when channel state information (CSI) is available at the transmitter (CSIT). This new scheme is based on an adaptive algorithm diagonal precoder which selects the proper orthogonal sub-channels of the MIMO link to use in order to increase the link layer throughput while maintaining an acceptable frame loss rate. Computer simulations show that the proposed MIMO-aware link layer algorithm provides a significant performance improvement. Second, we propose and evaluate the performance of different ARQ (automatic repeat request) retransmission strategies. Our performance evaluation shows that by decreasing the multiplexing gain and therefore increasing the diversity gain for retransmitted frames, the frame loss rate decreases dramatically while the link layer throughput is only marginally affected.
I. INTRODUCTION
Wireless communication systems using multiple antennas at the transmitter and/or at the receiver have recently emerged as one of the most significant advances in wireless communications. Multiple-input multiple-output (MIMO) systems are presently at the leading edge of wireless systems research and are considered as one of the best approaches for increasing the capacity of wireless networks. MIMO technology is also prominently regarded as a technology of choice for next generation commercial wireless networks such as IEEE 802. 16 WiMax, IEEE 802.11 WiFi and cellular third generation (3G) systems such as Universal Mobile Telecommunications System (UMTS) or 1xEV-DO system [1] .
A MIMO wireless communication system is defined as a transmission link where the transmitter and the receiver are equipped with multiple antenna elements to supplement traditional time processing with spatial signal processing. This allows MIMO systems to efficiently take advantage of random fading and multipath propagation to improve the performance of wireless transmission links by several orders of magnitude without requiring any additional bandwidth. The signals transmitted on the multiple antennas can be structured using spatial multiplexing techniques [2] , [3] to increase the transmission rate and/or by space-time codes [4] , [5] to exploit the MIMO channel diversity.
Since the pioneering work on MIMO wireless systems that predicted a remarkable spectral efficiency [2] , [6] , research has been mostly focused on the development of physical layer algorithms and coding techniques for reaching the theoretical MIMO capacity [2] , [4] . However, wireless communication systems generally consist of several layers, and the use of multiple antennas does not affect only the physical and coding layers, but also impacts the higher layers. By designing MIMO-aware algorithms for the upper layers, one can envision that the global system performance will significantly improve.
In this paper we define and evaluate the performance of a new cross layer design that combines the error control mechanism at the link layer with the use of MIMO technology at the physical layer for improving the overall system performance. Thus, instead of focusing on the performance at the symbol level, the proposed schemes attempt to exploit the availability of the MIMO physical layer to improve the performance at the frame level.
A. Related Work
In the literature, some approaches for combining an automatic repeat request (ARQ) procedure with multiple antenna technology have been proposed, some of which attempt to improve the physical layer performances by introducing a relatively complex ARQ procedure at the symbol level [7] . In [8] , the authors propose to combine ARQ with multidimensional trellis coded modulation. Other schemes have been developed in the particular context of implementing MIMO in 3G cellular wireless networks [9] .
In [10] , we have defined new strategies for transmitting a frame, encoded using a hybrid ARQ-FEC (forward error correcting) error control coding strategy [11] . However, it was assumes that no channel state information (CSI) was available at the transmitter (no CSIT).
B. Motivations and Contribution
In this paper, we extend the work presented in [10] to the case of a MIMO system where the CSI is perfectly known at both the transmitter and at the receiver (CSIT and CSIR). However, in real systems where the CSI available at the transmitter is imperfect [12] , the performance of our proposed technique represents an upper bound.
We assume the use of a type-I hybrid ARQ-FEC as defined in [11] . When the transmitter knows perfectly the channel state, the MIMO channel can be decomposed into orthogonal sub-channels using singular value decomposition (SVD) [13] , [14] . Our proposed transmission technique uses simultaneously the appropriate number of orthogonal sub-channels for transmission while maintaining an acceptable frame loss rate (FLR) with the objective of improving the link throughput [15] (the link layer throughput is defined as the rate of frames received correctly at the link level).
We also introduce in this paper novel retransmission strategies for decreasing the FLR (frame loss rate) in truncated ARQ systems. These strategies make use of well known MIMO transmission techniques that provide higher link reliability to the retransmitted frames at the cost of a marginal decrease of the data rate. We show using computer simulations that decreasing the multiplexing gain for the retransmitted frames decreases the frame loss rate significantly while the link layer throughput is moderately affected.
C. Organization of the Paper
The paper is structured as follows. The system model is given in Section II. Assuming CSIT in Section III, we present the novel frame level transmission technique that provides high link layer throughput. In Section IV, various methods for retransmitting the negatively acknowledged frames are presented. Simulation results illustrating the performance of the proposed techniques are shown in Section V. The last section contains the conclusions.
II. SYSTEM MODEL

A. Channel Model
We consider a wireless link model with M T transmit antennas and M R receive antennas. The M R × M T channel matrix H = [h i,j ] (i = 1, . . . , M R and j = 1, . . . , M T ) describes the channel. The flat fading coefficient h i,j represents the complex path gain from transmit antenna j to receive antenna i. In Section V, we assume for simulation purpose that the h i,j 's are independent identically distributed (i.i.d.) zero mean complex Gaussian random variables, circularly symmetric distributed with unit variance.
The received M R × 1 vector r can be written as:
where s is the M T × 1 transmitted vector of symbols and w is the M R × 1 additive white circularly symmetric complex Gaussian noise vector associated with the transmission of s. The covariance matrix of the noise is E{ww H } = N 0 I MR where I MR is the M R × M R identity matrix and E{.} denotes the expectation. We assume that an independent noise vector w is observed for each transmitted vector.
Let T f be the time required for transmitting one frame on a single-input single-output (SISO) link. We assume that T f is smaller than the channel coherence time, so that H is considered constant during T f but is independent from one frame transmission period to another. Note that the channel state is also independent for the retransmitted frames. Perfect CSI is assumed to be available at the receiver. In Section III, we assume that perfect CSI is available at the transmitter whereas in Section IV, no (or partial) CSI knowledge at the transmitted is assumed.
B. Error Control Model
ARQ-based protocols are used at the link layer of data transmission systems for controlling the transmission errors by using an error detecting code and retransmitting the erroneously received link layer data units (i.e., frames). ARQ denotes in this paper the selective repeat ARQ where frames are transmitted continuously and only the negatively acknowledged frames are retransmitted. Another technique for controlling transmission errors is the forward error coding (FEC) that uses an error correcting code. A proper concatenation of FEC and ARQ procedures, where FEC is used as an internal encoding, (called type-I hybrid ARQ-FEC) is often preferred [11] .
The type-I hybrid ARQ-FEC assumed in our system model is as follows. At the transmitter, the ARQ process adds a header to each link layer data units. This header includes the cyclic redundancy check (CRC) provided by the error detecting code. The resulted frames are afterwards encoded with a (N, K) binary FEC code.
Those N coded symbols (called bits for simplicity) are modulated and transmitted over the MIMO link. Considering the worst case for a binary error correcting code at the receiver, the channel errors cannot be corrected by the FEC decoder when the number of erroneous bits per codeword is higher than the error correcting capability of the code denoted by T . In this case, the ARQ process uses the CRC bits for detecting the erroneous frame and requests its retransmission. If the number of errors in a frame is smaller than or equal to T , then the errors in the received frame will be corrected by the FEC decoder and that frame will be handled as error-free by the ARQ process.
Assuming a binary symmetric channel (BSC) where all the received bits have the same error probability, P , the frame error rate (FER) is given by:
Whenever the ARQ system fails to detect an erroneous frame, we have a non-detectable error event. However, the probability of non-detectable errors is assumed to be quite negligible.
In order to define practical limits for delay and buffer size, truncated ARQ is adopted in most wireless networks and therefore assumed in our system model. In truncated ARQ, when a frame is sent U times without success, no further retransmissions are attempted and the frame is lost.
III. ADAPTIVE TRANSMISSION TECHNIQUE
In [10] , the authors investigated the error performance at frame level for a MIMO system using a hybrid ARQ-FEC scheme with no CSIT. By developing variants of layered space time transmission techniques [2] , an encoded frame can be sent entirely from one antenna (horizontal transmission) or it can be divided into M T sub-frames and each sub-frame sent using one of the M T antennas (vertical transmission).
The authors have shown that using the vertical transmission gives better error performances for moderate to high SNR (Signal to Noise Ratio). When a limited binary feedback is available, a selection criterion has been proposed in order to choose between the two techniques. The authors have shown that the improvement produced by this selection is not significant.
Assuming perfect CSIT, an SVD decomposition of the MIMO channel provides R H orthogonal sub-channels where R H is the rank of the channel matrix H [12] . Therefore, H = UΛV H where V H is the transpose conjugate of the matrix V, the M R × M R matrix U and the M T × M T matrix V are unitary matrices (i.e., UU H = I MR and V H V = I MT ) and Λ is a M R × M T diagonal matrix whose non-zero diagonal elements σ 1 , σ 2 , . . . , σ RH , are the real nonnegative singular values of H.
The parallel decomposition of the channel is obtained by defining a transformation on the channel input s and output r through joint transmit-receive coding. The input to the antennas s is generated through a linear transformation of the input vector s = V s, while the receiver performs a similar operation at the receiver by multiplying the channel output r with U H , as shown in Fig. 1 . This coding transform the MIMO channel into R H parallel SISO channels with r = Λ s + w where w = U H w. By sending independent data across each of the parallel channels, the MIMO channel supports R H times the data rate of a SISO system. Note that the j th sub-channel transmission capacity depends on its associated gain σ j . Similar to [10] , an encoded frame can be sent entirely over one sub-channel (horizontally) or it can be divided into R H sub-frames and sent vertically over the non-correlated R H sub-channels. In [10] , sending data from one antenna with no CSIT is equivalent to sending data over one of M T interfering channels. The analysis presented in [10] can thus be straightforwardly extended to a MIMO system with CSIT and consequently, we expect that vertical transmission outperforms the horizontal transmission for moderate to high SNR. In this paper, we introduce a new strategy that selects the appropriate sub-channels for transmitting vertically a frame in order to increase the link throughput.
We define the physical throughput as the number of frames transmitted (or retransmitted) during T f regardless whether those frames are received correctly or erroneously. Hence, the value of physical throughput depends only on the number of streams sent simultaneously and is maximized by transmitting over all the sub-channels. Whereas, the bit error rate (BER) is decreased by sending a single data stream on the sub-channel having the largest gain. Conversely, the link layer throughput, defined as the number of frames received correctly at the link layer during T f , is BER-dependent. It is maximized by finding the optimal trade-off between the physical throughput and the error rate.
Let BER (M) be the average BER when the M subchannels having the largest gains are used. Hence, this average bit error rate can be defined as BER
where P j is the bit error rate on channel j. The proposed algorithm attempts to find the highest number of sub-channels, M opt = 1, . . . , R H that can be used while BER (Mopt) ≤ P th . We propose to choose arbitrarily the following threshold value: P th = T N since it corresponds to the ratio of errors in a frame that can be corrected by the FEC code according to our system model given in Section II-B. Thus using this value, most of the frames transmitted vertically will be received correctly and the frame loss rate will be small. Anyhow, different P th values can be selected.
Let ρ j be the energy allocated to the j th sub-channel (j = 1, . . . , M) (i.e., E{s j s * j } = ρ j where s j is the complex symbol sent over the j th sub-channel). The bit error rate for data transmitted over the j th sub-channel, P j , using coherent detection and Binary Phase Shift Keying (BPSK) modulation is given by [16] :
where Q(z) is the Gaussian integral function defined as:
2 dx. Using the usual approximation for the function Q(x), we obtain:
The transmit energy allocated during one symbol period, E s , can be optimally distributed across the subchannels to minimize BER (M) for a fixed M [13] . The optimal ρ j (j = 1, . . . , M) are given by [13] :
where the constant c j is selected such that Q 2 c j is the worst case BER for the j th sub-channel and where µ is chosen to satisfy the power constraint given by: M j=1 ρ j = E s . Since our goal is to maximize the link throughput, we set c j = 0 (j = 1, . . . , R H ).
To find the value of M opt , the algorithm first considers M = R H and calculates the corresponding BER (M) using (5) and (6) . If BER (M) ≤ P th , (ex. P th = T N ) then the algorithm selects M opt = M . Alternatively, if BER (M) > P th , the algorithm decreases M by one by discarding the sub-channel with the smallest gain and recomputes the new BER (M) . The algorithm continues this operation until M opt is obtained. If M reaches 1 without satisfying the constraint BER (M) ≤ P th , the transmitter sends a single frame on the sub-channel having the largest gain. Fig. 2 presents the diagram of the proposed adaptation technique. The FEC encoder encodes the K-bits frames into N -bits codewords. Next, each codeword (corresponding to one frame) is segmented into M opt sub-frames and transmitted vertically over the M opt subchannels with the largest gains. A signal preprocessing and postprocessing operations (multiplying by the matrix V opt at the transmitter and by the matrix U H at the receiver, where V opt is obtained by selecting the M opt rows of the matrix Vcorresponding to the selected subchannels) provides the orthogonal channels by means of the SVD decomposition. The sub-frames are reassembled at the reception, from the elements of the vector before r corresponding to the selceted sub-channels, being sent to the FEC decoder. Next, the error detecting code at the receiver ARQ process decides whether the frame is received correctly or erroneously.
In Section V-A, we provide simulation results showing the performances in terms of frame error rate of the proposed adaptive transmission technique.
IV. RETRANSMISSION SCHEMES
In the previous section, we have presented a new transmission technique with the goal of increasing the link layer throughput of a MIMO system. In this section, we propose to adopt new retransmission strategies for negatively acknowledged frames in order to decrease the FLR (frame loss rate) defined as the rate of frames transmitted U times without success. The frame loss rate is an important quality of service (QoS) criterion in wireless data networks [11] . The new retransmission strategies are evaluated for MIMO system with partial or no CSIT.
Given that the number of frame retransmissions is limited in truncated ARQ systems, using a MIMO transmission scheme for the retransmitted frames with higher link reliability than the one used by frames transmitted for the first time will decrease the FLR. We propose in this section various MIMO transmission strategies for the retransmitted frames. We assume that the same modulation and FEC coding rate are used across retransmissions of the same frame. To study the proposed retransmission schemes, we assume that the first frame transmission uses layered space-time coding with vertical frame transmission technique as described in [10] ; whereas, the retransmitted frame are using one the following transmission techniques.
A. Fewer Transmit Antennas Retransmission (FTAR) Technique
For providing higher reliability to a retransmitted frame, the simplest method is to decrease the number of transmit antennas. This technique is appropriate for simple systems with no CSIT. When the number of transmit antennas is reduced, the reliability, measured by the average bit error rate, increases while the physical throughput decreases for a transmitter using spatial multiplexing.
For example, assuming a M R × 2 (M T = 2) MIMO system where the receiver performs maximum ratio combining (MRC) [12] , the bit error probability for a retransmitted frame with BPSK modulation for a given channel realization is given by:
where H r is the new M R × 1 channel matrix and H r F is the Frobenius Norm of the matrix H r .
B. OSTBC Retransmission (OR) Technique
This technique prioritizes (by providing lower bit error rate) the retransmitted data by using a space-time symbol level diversity coding [4] for the retransmitted frame. We assume the utilization of Orthogonal Space Time Block Coding (OSTBC) [5] for retransmitted frames. Other space-time diversity coding schemes, such as trellis codes [12] , could also be used. The space-time diversity codes increase the MIMO channel reliability for the retransmitted frame at the cost of lowering the physical throughput.
For example, for a M R × 2 (M T = 2) MIMO system, the bit error rate when BPSK modulation and Alamouti coding are used, for a given channel realization is given by [17] :
where H is the M R × 2 channel matrix.
C. Transmit Antenna Selection Retransmission (TASR) Technique
This technique is proposed for a MIMO system where a limited feedback is available. In this case the receiver can indicate to the transmitter the subset of transmit antennas to use for a retransmitted frame. The antennas subset can be selected to maximize the capacity [18] or to minimize the BER [19] . Given that the goal of the retransmission scheme is to minimize FLR, we are considering the BER-minimization antennas selection algorithm proposed in [19] .
V. SIMULATIONS RESULTS
In this section, Monte-Carlo simulation results are presented illustrating the performance of the proposed link layer techniques. The channel realization H changes every T f . The number of T f 's is large enough to have at least 500 error events. The SNR is defined as Es N0 where E s is the energy allocated for all the transmit antennas during one symbol period and N 0 is the noise power spectral density.
A. Sub-Channels Selection with Perfect CSIT
We consider a 4×4 MIMO system with perfect CSIT and CSIR. For simulation purpose, we assume a rich scattering environment leading to R H = min(M R , M T ) where R H is the rank of the channel matrix H. Fig. 3 shows the frame error rate (FER) using horizontal transmission, where each frame is entirely transmitted The curves M = 2, 3, 4 correspond to a fixed number of sub-channels (the most dominant channels are selected) used simultaneously. The curve M opt illustrates the FER obtained when M is selected adaptively according to the algorithm described in Section III.
We notice that the vertical transmission outperforms the horizontal one for FER < 20%. Note that this high FER can be reached only when M = 4. As M gets smaller, the error rate is lower and consequently the gap between the vertical and the horizontal transmission is It is interesting to notice that the FER increases with SNR for low SNR in the curves corresponding to M opt . This is due to the fact that when the SNR increases, M opt increases to improve the link throughput. Hence the system increases its physical throughput at the cost of higher FER.
We illustrate the performances of our proposed transmission techniques in terms of link layer throughput and FLR in Fig. 4 and Fig. 5 . In these simulations, we consider U = 3 and we assume a basic retransmission technique where an erroneous frame is retransmitted anew with the same MIMO transmission technique.
From Fig. 4 , we notice that when the extended Golay Code [24, 12, 3 ] is used as a FEC encoder, the proposed transmission technique achieves higher link layer throughput (Fig. 4.a) Fig. 6 and Fig. 7 compare the performances of a 2×2 MIMO system for the different retransmission techniques described in Section IV. An optimum maximum liklihood receiver is assumed for detecting the symbols of the frames transmitted for the first time. As expected, the basic retransmission technique (the frames at the first transmission and the retransmitted frames use the same MIMO vertical transmission technique) gives the highest link throughput, saturating at a value equal to M T .
B. Retransmission Techniques
The proposed retransmission techniques decrease the link layer throughput and the degradation varies according to the SNR and reaches at most 10%. Note that the TASR, OR and FTAR techniques have almost identical link throughput performances. However, the high link throughput of the basic technique comes at the cost of a severe degradation of the FLR (Fig. 7) which is an important measure of QoS. The retransmission techniques 
VI. CONCLUSION
We have investigated a new frame-level transmission strategy efficiently adapted for a MIMO wireless system using a hybrid ARQ-FEC coding scheme. When the channel is perfectly known at the transmitter, the MIMO channel can be decomposed into orthogonal sub-channels. The proposed transmission scheme increases the link throughput by adapting appropriately the number of used sub-channels while maintaining an acceptable frame loss rate. Simulation results showed that the rate of correctlyreceived frames increases while the frame loss rate is kept significantly small with our proposed transmission strategy. Furthermore, we have explored different methods for MIMO retransmission techniques with higher reliability for the ARQ retransmitted frames. A higher reliability can be provided by (i) decreasing the number of transmit antennas, (ii) an OSTBC coding which adds complexity or (iii) using a transmit antenna selection procedure which requires feedback information. Simulations showed that the proposed retransmission techniques significantly decrease the frame loss rate at the cost of slightly decreasing the link throughput.
